An inkjet-printed thin film of multi-wall carbon nanotubes is used as a gas sensor in a four-probe measurement setup. The novelty of the approach is that the sensor information is extracted from the noise of the dc resistance data using Fluctuation Enhanced Sensing (FES). We investigate the effects of measurement duration, gate voltage and frequency window on the chemical selectivity of the MWCNT-FES sensor. The selectivity of the device is superior to those of conventional gas sensors, and preliminary experiments indicate that it may also be possible to extract quantitative information from the noise.
1 Introduction Gas sensing is a heavily competitive field where real-life applications of nanoscale materials are already commercialized today [1] [2] [3] . Developments in gas sensing need to offer radical performance increases over the existing solutions in order to attract the attention of potential manufacturers and customers. The performance of any sensor is determined primarily by its sensitivity and selectivity [4, 5] . Nowadays, sensors measuring in the subppm concentration range are fairly common [6] . On the other hand, improving the selectivity of a sensor can be very challenging. The traditional approach is to functionalize the sensing layer in a way that promotes the selective adsorption of a target molecule, and combine several differently functionalized sensors into an array to achieve selectivity at the device level [7] .
Carbon nanotubes (CNTs) have been extensively researched as gas sensor materials in conventional resistive [8] , transistor gain measurement [9] and even in field emission current measurement [10] configurations. Until now, even CNTs were unable to offer notable selectivity 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 improvements because CNT sensorics research was focused on conventional measurement techniques.
We have reported recently that by analysing the noise of a sensor device instead of its primary output signal (e.g. dc resistance) it is possible to differentiate between four different analyte molecules at the single sensor level [11] . This phenomenon is known as fluctuation enhanced sensing (FES) [12] . The physics behind FES is that the molecular level contacts between the individual building blocks in any sensor layer (the carbon nanotubes in our case) are slightly different from one another and consequently, they offer "specific" adsorption geometries for all sorts of analytes even without functionalization. However, since it is impossible to read out individual CNT-CNT contacts in a nanotube film, the analyte-specific information is usually lost for the observer as it manifests only in the noise of the sensor signal. FES is the method of extracting information from the sensor noise.
In our earlier reports we have demonstrated the feasibility of the CNT FES concept [13] . In the present report we discuss the possibilities of improving FES selectivity by manipulating the operational variables of a working FES sensor device.
Experimental
Carbon nanotube ink was prepared by sonicating 2.0 mg unfunctionalized multi-wall carbon nanotube material in 15 ml of water for 1 h. The ink was centrifuged at 3500 rpm for 30 min. Then the supernatant solution was collected and centrifuged again for 15 min. The concentration of nanotubes in the last supernatant solution was ≈ 0,06 mg·mL -1 . The ink was loaded into a new printer cartridge and deposition was carried out using a DIMATIX Fujifilm printer [14] . The sensor film was printed over the four electrode fingers in a 200 μm long line pattern using 9 drops. As illustrated in Figure 1 . the diameter of the drops was approximately 35 µm while the distance between the drops was 25 µm. The target dc resistance of the dried sensor film was 100 kΩ.
Gas sensing measurements were performed in artificial air atmosphere at 25 °C using a custom sensor test equipped with special, low noise electronics. Details of the measurement procedure were reported previously [8] . It is enough to mention here that the primary output of the sensor device is the dc resistance of the carbon nanotube film as measured in a four-point measurement setup. In the FES data analysis process the noise of the signal is extracted, amplified, and then the power spectral density (PSD) of the noise is calculated. Finally, the PSD is subjected to Principal Component Analysis (PCA) and the results are displayed in a PCA map which is easily understandable by humans: clustering of independent measurements performed on the same analyte indicate high selectivity, while a random distribution of observations is the sign of poor sensor selectivity.
3 Results and discussion 3.1 Effects of PSD averaging The power spectral density (PSD) that characterizes the stationary fluctuations of the sensor device -itself is "noisy" i.e., has a signal to noise ratio (SNR). The PSD also has a spectral window, its upper limit is half of the sampling frequency (f s ) and its lower limit is the reciprocal value of the data acquisition time (t a ). Then a PSD function can be derived from the t a f s number of acquired data points by fast Fourier transform, see Figure 2a . It can be seen that the spectra are very noisy. To decrease the noise (increasing SNR), one can repeat the measurement by N a times (noting as number of averaging), i.e. the total measurement time (t m ) and total number of acquired data points (n d ) for the data acquisition will be t m = N a t a and n d = N a t a f s , respectively. PSD spectra with N a = 10 and 100 are depicted in Figure 2b ,c showing significantly increased SNR. However, increasing N a results in an increased t m , therefore it is important to determine the N a values to differentiate the analytes.
The SNR increases as N a is increased (see Figure 2 ) and this makes possible to differentiate between the applied test gases, see Figure 2 , bottom row. When N a = 1, no discrimination was possible using principal component analysis (PCA) as a pattern recognition method taking the Figure 1 SEM images of the printed MWCNT sensor film (A) and a close-up of the MWCNT-electrode interface region (B) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 PSDs as input for the PCA analysis. However, clear discrimination was possible when the N a value of 10 was used.
Effect of gate voltage manipulation
Our sensor chip allows for the tuning of a simple multiplexing parameter, that is the gate (G) voltage that can be applied between the source (S) and drain (D) electrodes. In the FES measurement scheme a constant current value is injected through S and D and then the PSD of the resistance (that can be measured between S and D) is derived. The results of tests on the unfunctionalized MWCNT sensor are summarized in Figure 3 . for an exposure of NH 3 , N 2 O and H 2 S.. The PCA analysis on this sensor, for various gate voltages, showed that practically no discrimination between NH 3 and H 2 S was possible, but importantly, N 2 O could be well differentiated from the previous gases, see Figure 3 . A slight effect could be observed here for the gate voltage, N 2 O was best separated from the group to NH 3 and H 2 S at G = + 50 V. However, the overall effect of gate voltage on the FES selectivity appears to be rather minor.
3.3 Effect of spectral range manipulation A third multiplexing FES parameter can be the size of the spectral window of the PSD that serves as input for the pattern recognition method for the chemical classification of the target gases. The proper choice, in principle, can increase the success rate of the chemical classification and, if the optimal spectral range lies in the higher frequency region, can significantly decrease the measurement time, thus speeding up the classification process. A PCA analysis of the PSDs that were measured after a 20 ppm exposure of the test gases (N 2 O, NH 3 and H 2 S) can be seen in Figure 4. The different panels exhibit results when different spectral windows of the acquired PSDs were used as input for the PCA analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 This observation is important, since the use of the 10 -100 Hz spectral range decreases the measurement time by a factor of 10 compared to the use of the whole (1-4000Hz) spectral window. 3.4 FES in gas mixture analysis FES measurements with N 2 O/H 2 S gas mixtures were also performed on both an unfunctionalized MWCNT sensor and a reference amine functionalized SWCNT sensor with total concentrations of 20 ppm of the additives, see Figure 5 . It is well known that the extent of CNT surface functionalization can be finely controlled, therefore, it would be possible to create a whole series of CNT FES sensors with e.g. gradually increasing surface hydrophobicity and use this array if a simple MWCNT-SWCNT pair should lack adequate sensing properties [15] . The amine functionalized SWCNT sensor performed better. The 20+0, 15+5 and 0+20 mixtures (the first and second number mark N 2 O and H 2 S concentrations in ppm as noting the mixtures) can be clearly classified. The 10+10 and 5+15 mixtures have however some mutual overlapping, these two latter mixtures clearly cluster differently than the other three mixtures. Moreover, there is a tendency of the PC1 component to increase as increasing the H 2 S concentration in the mixtures. Such tendency can not be seen for the unfunctionalized MWCNT sensor however, the mixtures cluster differently, though not such a pronounced way as for the SWCNT sensor. Nevertheless, the measurements show that FES with CNT sensor is capable of differentiating between gas mixtures. mixture analysis 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 4. Conclusion In this contribution we reviewed three different possibilities for improving the chemical selectivity of an unfunctionalized MWCNT film used for gas sensing in a Fluctuation Enhanced Sensing setup. The effect of gate voltage changes on the selectivity is marginal. On the other hand, chemical differentiation can be improved radically by increasing the data collection duration and using the right spectral window (100 averages and 10-100 Hz, respectively). Preliminary results on combining chemical selectivity with quantitative analysis possibilities indicates that the FES method is capable of extracting qualitative and quantitative information from the sensor noise simultaneously. Whereas the type of carbon nanotubes used is not very important as long as only qualitative information is sought, it becomes a major factor in quantitative gas mixture analysis. Our first results indicate that aminefunctionalized single-wall carbon nanotubes perform better in this task than unfunctionalized multi-wall carbon nanotubes.
Further studies, carried out at both experimental and theoretical levels, are in progress to gain insight into the mechanisms determining the analyte-specific noise patterns in FES experiments [16, 17] .
